Despite the recent accumulation of a large hemodynamic data base describing myocardial infarction and cardiogenic shock, precise characterization of patient subsets has been elusive. This paper represents an attempt to identify the major factors contributing to this wide hemodynamic spectrum, and their interrelation using a theoretical model based upon currently emerging concepts of this disease. It is proposed that the hemodynamic alterations associated with acute infarction are a consequence both of reduction in contractile mass and alteration in left ventricular compliance. In addition, mitral insufficiency, altered contractility, and the peripheral circulation interact to produce wide divergence between clinical and hemodynamic features from case to case and during the progression of the course of the illness. This model may more rationally explain the genesis and natural history of "heart failure" and the "shock syndrome" associated with acute myocardial infarction and in addition explain the extremely variable responses to both drug therapy and to more aggressive modes of treatment of power failure.
definition of cardiogenic shock and its variable presentation as determined by structural pathology. Arguments supporting the need for significant alterations in present concepts and a theoretical model of acute myocardial infarction will be proposed. The application of this model to understanding of known hemodynamic alterations which accompany shock and its implications concerning therapy will be described.
The shock state must be regarded as a clinical syndrome. In this context, the Myocardial Infarction Research Units of the National Heart and Lung Institute ( (2) Evidence of reduced blood flow as shown by (all should be present):
(a) Urine output less than 20 ml/hour, preferably with a lowv sodium content.
(b) Impaired mental function.
(c) Peripheral vasoconstriction associated with a cold, clammy skin.
Specifically excluded are hypotension related to pain, to vasovagal reaction, to serious rhythm disturbances, drug reactions, or hypovolemia. Hence the term "cardiogenic" is used to designate the occurrence of the shock syndrome by reason of primary cardiac dysfunction.
Although the use of a standard definition is mandatory for comparison of data from different institutions and evaluation of therapy, very real problems remain in the practical application of any such definition. Thus, central arterial pressure may exceed the apparent cuff blood pressure by 10-20 mm Hg so that patient classification is in part determined by how pressure is measured. Urine volume may be normal or cerebral function may be preserved in individuals who otherwise appear to have unquestionable shock. In a similar manner, it has not proved possible to describe the shock syndrome in terms of precise hemodynamics, although cardiac function and stroke work are in general depressed. [1] [2] [3]  there has been no definition of the temporal sequence of hemodynamic and metabolic changes in the evaluation of the shock syndrome, whether to ultimate survival or progression to death.
From a clinical standpoint, patients wvho develop shock may be divided into two groups. First, a group of patients is admitted to the hospital with severe circulatory collapse and hypotension. These patients die vithin minutes or early hours of their admission to the hospital. The young patient wvith a first infarction who develops shock is usually in this group. The second group develops shock while in the hospital. This may be secondary to an unexpected cardiac arrest with subsequent resuscitation, an extension of the area of infarction, or may present as a relatively slowx deterioration with progressive hypotension oliguria, and central nervous systenm depression. The latter frequently characterizes elderly patients who have had several previous myocardial infaretions.
It is evident that a series of widely differing clinical profiles may precede the development of the shock state. 4 The nature, magnitude. and location of pathologic changes in the heart, the functional state of noninfareted myocardium, the effectiveness of comipenscltory mechanisms, and the presence of additional factors which increase mechaniical load are all involved. For example, total occlusion of the proximal portion of a major coronary artery will immediately render a large portion of the left ventricle ischemic and noncontractile. Clearly, this acute reduction in cardiac efficiency may be of such magnitude that survival for more than minutes or hours is impossible, and indeed many such patients die rapidly. Late shock deaths on the other hand appear to be associated with extensive threevessel coronary artery disease and a history of previous myocardial infarction. Such hearts characteristically exhibit extensive myocardial destruction: "never" less than 40%, and as much as 70% of the myocardial mass may be destroyed prior to the death of the patient.5 Extension and reinfarction actually may be "dated" when the heart is examined at autopsy. In this group, the degree of initial depression of cardiac function is probably less than in those who succumb imnmediately.
Nonetheless, a protracted course over several days is associated with progressive acidosis, further depression of cardiovascular function, the development of a thrombotic tendency, and finally total circulatory insufficiency. The threshold for the development of the shock state, characterized by loss of effective compensatory mechanisms, therefore may be seen as a product of the magnitude of initial insult and the duration of resulting circulatory insufficiency.
The shock syndrome may be precipitated in patients with acute myocardial infarction by Circulation. Volume XLV, May 1972 secondary factors. Abnormalities of heart rate or rhythm, hypovolemia due to failure of fluid intake, or excessive fluid elimination (diuretics), hypoxemia, and acidosis all serve to depress cardiac function. The true extent of the myocardial factor in the shock syndrome cannot be identified until these factors have been corrected. If, following their correction, the patient continues to exhibit the shock syndrome, then and only then is a diagnosis of cardiogenic shock appropriate. It should be noted, therefore, that in terms of this concept the diagnosis of cardiogenic shock cannot be made in the presence of a decreased LV filling pressure.
Mechanical Model of the Infarcted Heart
The observation of a normal or reduced level of LV stroke work or stroke volume in the presence of an elevated LV filling pressure is commonly regarded as evidence for left ventricular failure.6 Such data imply a generalized decrease in LV performance, and are appropriate to conditions such as cardiomyopathy or essential hypertension. This concept of power failure has been applied to all forms of heart disease, and is validated by the usual presence of clinical signs of rales and gallop sounds. Patients with acute myocardial infarction, however, may have a normal or increased cardiac output in the presence of pulmonary venous congestion and ventricular gallop sounds. These individuals are generally considered to have "heart failure," although the majority respond poorly or not at all to inotropic agents such as digitalis.7 12 The concept of uniform depression of LV function is also belied by recent angiographic studies of patients with cardiogenic shock, in which areas of myocardium contract vigorously and coexist with large areas of akinesis, paradoxical pulsation, or mitral insufficiency. Since the traditional concept of LV failure, based on an assumed uniform depression of left ventricular function, does not explain these observations, it must be critically reexamined.
To the present, little attention has been paid to the description of the alterations in structure and function in the different parts of Circulation, Volume XLV, May 1972 the heart following acute infaretion. Even such relatively basic variables as anatomic location and the extent and severity of damage have been slow to be reported in detail. Recently, it has been recognized that less than 60% of histologically normal myocardium remains in those patients with acute infaretion who succumb to the shock syndrome. 5 Experimental evidence suggests that the residual noninfareted muscle frequently contracts normally or even at an enhanced level, while the infareted tissue contracts poorly if at all. 13' 14 Other studies have revealed an alteration in ventricular diastolic compliance, the basis for which is presumed to reside in the passive length-tension characteristics of infarcted musCle.1'-17 These considerations are highly relevant to the hemodynamics of myocardial infaretion and the shock syndrome and are deserving of detailed elaboration.
Because of the inadequacy of the unitarian model, we propose a two-component model of the heart in acute myocardial infarction. This spherical model consists of: (1) a totally noncontractile infarct of variable size, possessing an altered compliance, the temporal and directional course of which remains to be defined in detail; and (2) a residual noninfarcted area with normal contractility, which is able to respond normally both to increases in contractile state and to fiber stretch; this area possesses normal compliance. For the purpose of simplicity, we will limit discussion to a nondilated, nonhypertrophied ventricle with a first infaret and will not consider the behavior of the transitional or "twilight" zone, containing fibers with a wide spectrum of contractile function. In addition, it is assumed that LV function is independent of the anatomic location of similarly sized infarcted segments. Similar general considerations have been applied to chronic coronary artery disease. ' 1A ). It follows then that there is a linear reduction in EF as the size of the infaret increases. If EDV remains constant, the overall performance of the ventricle, depicted in the form of a classic ventricular function curve, is depressed; however, the contractile state of the noninfarcted myocardial fibers has remained unchanged. For purposes of comparison, a small infarct will be considered as equivalent to destruction of 10% of LV mass, while a large infarct corresponds to 40% destruction. From figure IA, an EF of 0.60 would be predicted following a small infaret, while the corresponding EF for a large infarct would be 0.40. To maintain a normal level of external cardiac performance, stroke volume must be increased either through an augmentation of contractile state in the residual normal muscle, by an increase in end-diastolic volume, by a decrease in afterload, or by some combination of these mechanisms. Failing these compensations, cardiac performance must, of necessity, decrease proportionately with increasing infaret size ( fig. 1B) EDV, EDP rises from 10 to 12 mm Hg, although maintenance of SV by increasing EDV to 100 ml is accompanied by a rise in EDP. With the development of a 40% infarct and a normal EDV, SV would decrease from 60 to 37 ml, while EDP would increase from 10 to 20 mm Hg. Restoration of SV would require an EDV of 140 ml which is not attainable within the normal range of physiologic pressures.
C. Relationship of Compliance to Ventricular Performance
We will now examine the consequences of the retention of normal compliance characteristics by the infarcted segment, in contrast to the hemodynamics associated with an infarct of infinite stiffness ( fig. 2 ). Since the infarcted segment does not participate in the process of contraction, it is subjected to repetitive passive stretch during each systole as intraventricular pressure rises ( fig. 2B1 ). Hence this segment will lengthen to a degree dependent upon its intrinsic length-tension characteristics and the level of systolic pressure. The fibers of the healthy myocardium are protected from stretch by the intrinsic shortening of their contracting sarcomeres ( fig. 2A) . If the fibers of the infarcted segment follow the normal passive length-tension curve then LV function is further compromised as infarct size increases. Assuming normal compliance to be represented by a ratio of segment length at systolic pressure (PS) divided by segment length at end-diastolic pressure of 1.15 (15% increase in length), then the equivalent change in volume V!S/VEDn would be 1.153 or 1.52. On this basis, EF would decrease further to 0.57 and 0.27 for a small and large infarct, respectively, in the presence of normal compliance. In the presence of normal heart size such ejection fractions will permit stroke volumes of 51 and only 24 ml, respectively ( fig. 2D ). Although the 10% infarct heart is capable of further adjustment via the Starling mechanism (EDV = 100 ml/m2; EDP = 17 mm Hg) (see fig. 1D ), the consequence of normal compliance becomes very substantial with infarcts in excess of 30% of LV mass. With a 40% infarct, the stroke volume The filling pressure of the LV depends upon the ESV, the volume of diastolic inflow which usually equals SV, and the stiffness of the LV wall. Assuming a normal EDV, a change in EDP will occur in relation to increased infarct size according to the compliance characteristics of the infarcted segment and of the normal myocardium. The effect of this change on LV function curves based on filling pressure was shown in figure ID Figure 3 The effects of normal, or of absence of, compliance in a 40% infarct. If the infarct retains normal compliance, the EDP remains unchanged but SV is profoundly reduced and cannot be significantly increased by elevation of EDP. For the noncompliant infarct, the higher SV is accompanied by a marked increase in EDP. However, a small reduction in EDV will substantially reduce EDP ( fig. 1D) insufficiency corresponds to an RF less than 0.4; moderate, 0.4-0.6; and severe, greater than 0.6. Alteration in the ventricular function curve secondary to moderate mitral regurgitation is illustrated in figure 4B . As with an infarct of normal or increased compliance, mitral insufficiency places an added mechanical burden on the already damaged heart. This added load is of major significance even in the presence of a small infarct, while with larger infarcts, or in a heart compromised by previous disease, the resultant reduction in cardiac performance may become rapidly incompatible with life.
The mechanical burden of either mitral insufficiency or aneurysmal paradoxical movement is probably more complex than simple loss of forward stroke volume. In the normally contracting heart there are only minor changes in shape during isovolumic systole, with minimal fiber shortening. The tension associated with increasing intraventricular pressure is stored in the series elastic elements of muscle while the sarcomeres shorten uniformly. In the presence of mitral insufficiency or aneurysm, however, the unaffected fibers actually shorten during early systole, resulting in a slight reduction in length of the healthy fibers. This may result in a mninor reduction in wall stress and oxygen consumption according to the LaPlace relation. This beneficial effect, however, does not offset the obligatory increase in EDV required to maintain an adequate forward flow. In addition, this abnormal shortening of the normal fibers during early systole may place them at a less optimal position for the production of useful work when opening of the aortic valve occurs.
G. Temporal Relationships
The foregoing model has considered several fundamental physiologic and mechanical factors which are responsible for many aspects of altered cardiac performance that characterize cardiogenic shock. Infarct size, contractility, compliance, mechanical load, and heart size each has a temporal course during evolution of acute myocardial infarction. In contrast to the substantial amount of information describing a single point in that course, serial demonstrates the relation between strokework index and left ventricular filling pressure in our patients with myocardial infaretion. We have included the range seen in normal subjects33 and the predicted relation in a 40% noncompliant infarct. Several important conclusions may be derived from consideration of these data which express the relationship between left ventricular filling pressure and function. First, some patients have ventricular function within or above the usual range of normal in the presence of an acute myocardial infarction. In terms of the myocardial infarction model, these patients would be expected to have infarcts of small size which resulted in no significant alteration in ventricular compliance and thus normal filling pressures. The effect of a small infarction upon ejection Figure 6 Relationship of SV, mean arterial pressure, and stroke work in 74 patients with acute myocardial infarction. There is a wide range of values for stroke volume and mean arterial pressure, even in those patients with shock. Stroke work, which describes the interrelationship between these two parameters, is depicted as hyperbolic isopleths. Note that these absolute values cannot be compared directly with the index (/m2) values shown in figure 5 , because body surface area was not measured in several patients who died shortly after admission. The by vein bypass graft.34 Conversion of a muscle from a noncontracting to a contracting seginent also tends to eliminate the deleterious effects of repeated stretch during systole. Particularly in a large infarct these ischemic but viable myocardial fibers may be repeatedly stretched by more normal contracting fibers. At higher peak pressures, stretch and tension are greater, increasing the likelihood of destruction of the myocardial supportive elements, closure of residual blood vessels, and further impairment of blood supply to the infarcted area. The permanent sequela of such processes is likely to be aneurysm formation.
Reduction in left ventricular peak pressure by the prevention of systemic hypertension should also minimize stress relaxation. Implicit therefore in this argument is the possible beneficial effects of a limitation on peak systolic pressure and the translation of the available but limited ventricular stroke work into volume work as effectively as possible. In this context, it is presently our policy to treat hypertension in the presence of acute infarction, rather than allow pressure to remain high "to maintain organ perfusion," a clinical practice of dubious benefit.
In addition to the many previously described effects of mechanical circulatory assistance,35' 36 compliance of the infarct segment may be altered in a manner similar to revascularization. Small quantities of oxygenated blood may reach hypoxic muscle via collaterals during the augmented diastolic phase of the cardiac cycle. Counterpulsation could also be of benefit in reducing left ventricular peak systolic pressure by rapid withdrawal of blood from the aorta during systole, and thus reducing both the wasteful systolic expansion of the infarcted segment and the magnitude of stress relaxation.
